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Abstract
The performance of a compressor decreases during a ﬂight operation interval due to deterioration eﬀects. This results in an increase of speciﬁc
fuel consumption (SFC) and exhaust gas temperature (EGT), both having an inﬂuence on the On-Wing-Time of a jet engine and hence the
maintenance intervals. A signiﬁcant type of deterioration is erosion leading to misshaped airfoils such as thinner or thicker leading- and trailing
edges, thinner airfoils as well as a reduction in chord length and an increase in tip clearance. Another deterioration eﬀect are changes in stagger
angles. The parameters mentioned above vary between each airfoil in a compressor stage. For a BLISK (BLade-Integrated-diSK) the arrangement
of blades in each stage cannot be changed during maintenance, so these eﬀects will grow stronger until the part reaches its life limit. Therefore,
the objective of this study is to analyze the eﬀect of circumferential diﬀerent types of misshaped airfoils on the performance of a compressor
stage. A conventional high pressure compressor stage is to be simulated with maximum leading edge thickness in combination with maximum
and minimum stagger angle using realistic boundary conditions. In general, the coupled eﬀects due to detoration lead to mistuned throttle lines
and a diﬀerent operation range. Further the geometry of a BLISK being at its life limit is digitalized by a structured light 3D scanner in conjunction
with a photogrammetry system to examine the state of detoration and evaluate if the results of a conventional compressor stage can be applied
to the new BLISK design. Thus, this study gives a preview on the changes of the expected BLISK performance caused by coupled deterioration
eﬀects.
c© 2014 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the Programme Chair of EPSRC Centre for Innovative Manufacturing in Through-life Engineering Services.
1. Introduction
Recent developments in the ﬁeld of jet engine design are
aimed to reduce inter alia the operating costs of the engine.
These costs are strongly inﬂuenced by the overall eﬃciency
of thermodynamic cycle process and the eﬃciencies of each
component. One way of increasing the eﬃciency of the high
pressure compressor (HPC) is using so called ’BLISKs. The
improved blade-to-hub structured design is applied especially
for low aspect ratio blading. While a conventional compressor-
stage is characterized by a disk holding a set of airfoils a BLISK
stage is manufactured as a single part. During a shop visit,
the maintenance process is faced with new challenges when
it comes to BLISK stages: the blading of the stage cannot be
re-arranged and single blades cannot be replaced individually.
Whereas in conventional built stages as a common practice the
blades are selected and re-arranged individually to match cer-
tain performance requirements. Unfavoured combinations of
blades and their arrangements in BLISKs are to a much higher
degree a given result of operation and repair.
During the operation environmental inﬂuences eﬀect the deteri-
oration of a jet engine. A main eﬀect is erosion due to dust and
sand, especially in middle east [10]. Ebmeyer et al. [3] eval-
uated the engine performance degradation caused by the envi-
roment. They found a signiﬁcantly changed HPC performance
between two shop visits. The pressure ratio shows a drop of
nearly 10 % and a descent in ﬂow of 7 %. These changes are
attributed to the erosion of airfoils and deposits on the surface.
Tabakoﬀ [9] investigated this deterioration eﬀect by analyz-
ing suspended solid particles through an axial ﬂow compressor.
It has been shown, that two main consequences of erosion oc-
cur. The ﬁrst is a change of the airfoil geometry and surface
quality. The second is a changing ﬂow ﬁeld due to this deterio-
ration. The results show a nonuniform radial and circumferen-
tial distribution at the exit level as well as on the blade surface.
On rotor and stator blades the maximum erosion is located near
of the casing, for the vane at the trailing edge and for a rotor
blade at the leading edge. The generell consequence of deteri-
oration Tabakoﬀ concludes is a signiﬁcant reduction in engine
eﬃciency as well as in performance. This drop of eﬃciency
and performance is also analyzed by Ghenaiet et al. [4] who
showed an aerodynamic performance loss due to sand erosion.
As a cause for this drop, Ghenaiet examined a change of pres-
sure distribution due to leading edge blunting, an increase
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of angle of attack and tip clearance rounding. An example
of the impact of an unfavourable arrangement in a rotor row is
shown by Bohari et al. [2]. Bohari analyzed the behavior of
a fan after a bird strike leading to changes in blading geome-
try. Compared to a new blade the damaged one has a change in
leading edge geometry and stagger angle. It has been shown,
that the deteriorated blading results in a locally disturbed ﬂow.
The disturbance accelerates the ﬂow on the suction side due to
a higher angle of attack and causes a strong shock. The ma-
jor outcome of Bohari’s studies are on the one hand that the
fan mass ﬂow and the pressure ratio show negligible diﬀerence
between damaged and undamaged assembly whereas the stall
margin on the other hand is strongly aﬀected by the damaged
blade and decreases.
This change in stall margin can also be caused by variable
chord length in a compressor stage which is shown by Roberts
et al. [8]. For this investigation the blades were blended to
95% of nominal chord length at the tip above mid-span. The
blended blades were arranged together with nominal blades
in three diﬀerent conﬁgurations: Two 180-deg.- and four 90-
deg.-Segments with alternating nominal and shortened blades
and one conﬁguration with all blades in alternating sequences.
The major inﬂuence of the diﬀerent arrangements is again a
change in stall margin. The inﬂuence on stage performance at
design speed, however, is marginal. The minor inﬂuence of
changed chord length on stage performance is also shown by
Giebmanns et al. [5]. The author analyzed the inﬂuence of de-
teriorated blades on stage characteristics and concludes that the
major factor is the leading-edge geometry. By reshaping the
leading-edge to a desired proﬁle geometry the performance of
the stage is comparable to the new blading despite the reduced
chord length.
Reitz et al. [7] analyzed the performance of deteriorated
HPC-blades. Therefore he manipulated three geometric proper-
ties of an HPC-middle stage blade independently. These prop-
erties are the leading edge thickness, the stagger angle and the
max. proﬁle thickness. Reitz could show a signiﬁcant inﬂuence
of the diﬀerent wear mechanisms on the throttle lines and the
rotor exit ﬂow.
Other publications dealing with circumferential changed
blading are rare. The intend of this work is to investigate in the
ﬁeld of blade-to-blade interaction using arrangements of blades
with a diﬀerent geometry. For that purpose, a CFD simula-
tion was carried out. HPC-blades with diﬀerent detoriorated
geometries have been pairwise distributed over the circumfer-
ence. The objective was to analyze the interaction of diﬀerent
wear mechanisms inside the ﬂow passage.
Building the rotor geometry
The generic geometries have been generated by an inhouse
software. Starting from a reference airfoil geometry which was
derived from 3D-scan data of new compressor blades the soft-
ware applies diﬀerent wear patterns to this geometry. With this
procedure it creates a generic worn airfoil without processing
the data of physical airfoils.
Each airfoil is characterized by 21 proﬁles representing cuts
between 0 and 100% of the blade height. Every single proﬁle
can be manipulated independently in its geometric properties
including the stagger angle and leading and trailing edge thick-
ness and radius, maximum proﬁle thickness and its position,
Fig. 1. COMPOSED ROTOR BLADE
maximum camber and its position. In a last step, the proﬁles
were aligned by their center of gravity on the reference stack-
ing line and the blade is deﬁned as a 3D-geometry (see FIG. 1).
For the stator geometry the new part design was chosen for all
conﬁgurations. The applied wear characteristics are extracted
from measurment data of two complete HPC bladings, gath-
ered by Marx [6]. Figures 2 and 3 show these wear patterns
for the observed properties. The maximum range of deviations
were ΔtLE = 40% and Δλ = 1.9%.
Nomenclature
BLISK BLade-Integrated-diSK
DF Diﬀusion Factor
LE Leading Edge
l Chord Length
H Absolute Duct Height
h Height
HPC High Pressure Compressor
n Rotational Speed of high pressure spool
p Pressure
pt Total Pressure
SCM Streamline Curvature Calculation
TE Trailing Edge
Tt Total Temperature
t Blade Pitch
tLE Leading Edge Thickness
tTE Trailing Edge Thickness
UG Circumferntial Speed at Tip
W Velocity
WΘ Circumfential Velocity
Wz Axial Velocity
β Absolute Flow Angle
ζ′VR Rotor Pressure Loss Coeﬃcient
η Polytropic Eﬃciency
κ Isentropic Exponent
λ Stagger Angle
ϕ Flow Coeﬃcient
πtt Pressure Rise
1 Rotor Entry Plane
2 Rotor Exit Plane / Stator Entry Plane
3 Stator Exit Plane
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2. Simulation Setup
The steady state simulations were conducted with ANSYS
CFX Version 2013.03.12-10.48 for all geometry sets. The ob-
jective was to simulate stage characteristics for each coupled
and standalone wear condition as well as the reference geome-
try. This procedure allows for considering the inﬂuence of cou-
pled airfoil degradation on compressor eﬃciency and pressure
rise.
Stage setup
Both, blade and vane meshes are one pitch periodic and
merged to a single mesh during the pre-processing. The pe-
riodicity of the coupled meshes is deﬁned with the next smaller
even number of the respective row. With this approach the stage
ﬂow variables are quantitatively in the right magnitude because
the variables are calculated with the correct surface ratio but do
not reﬂect a real blade row setup. Furthermore, the tip clearance
for blade and vane is set to 1% of the duct hight.
Meshing
Blade and vane meshes are created with ICEM CFD. The
structured meshes have an OH topology including the tip
Inlet Outlet
Mixing Plane
n
Blade Vane
Fig. 4. Domain Setup
clearence mesh. The wall distance was adjusted to get an y+
less than 2 over the surface of blade and vane as recommended
by CFX when using low-Re equations [1]. A mesh study was
carried out to guarantee a mesh independent solution. Based on
this, every blade has about 2.1 million nodes. The chosen mesh
topology was transferred to all test cases to get comparable so-
lutions.
Boundary Conditions
Realistic boundary conditions (BC) are of great importance
to simulate representative stage performances. Therefore, the
inlet distribution is determined by a Streamline Curvature Cal-
culation (SCM) of a compressor with newly manufactured blad-
ing at cruise conditions. This procedure deﬁned a value for total
pressure, total temperature and ﬂow angle over the entire blade
pitch as inlet boundary condition. The outlet boundary condi-
tion was set to an average static pressure which was increased
step-by-step in order to generate a throttle line. The main solver
settings are summarized in TAB. 1.
Table 1. BOUNDARY CONDITIONS
Setting Comment
pt1(h/H), Tt1(h/H), β1(h/H) Calculated by SCM
Rotational Speed n=ncruise
Walls No slip walls
(hydraulically smooth)
Blade to vane interface Mixing plane
Turbulence model SST-Standard
Transitional turbulence model γ − Reθ
Analysis type Steady state
Timescale 1 ·10−4s
3. Results
3.1. Throttle lines
In this study the deterioration eﬀects of a maximum leading
edge thickness (tLE,max) and maximum and minimum stagger
angle (λmax/min) are compared to coupled deterioration eﬀects
of maximum leading edge thickness with minimum /maximum
stagger angle. The characteristics of a new blade serves as a
reference.
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FIG. 5 and 6 show the polytropic eﬃciency and the total pres-
sure rise of the coupled deteriorated blades, the standalone de-
teriorated blades and a blade without deterioration. The deﬁni-
tions of the calculated total pressure rise πtt and stage eﬃciency
at cruise speed (n = ncruise) are deﬁned by:
πtt =
pt3
pt1
(1)
representing the dimensionless pressure rise and the poly-
tropic eﬃciency
η =
κ − 1
κ
·
log pt3pt1
logTt3Tt1
(2)
and the dimensionless massﬂow
ϕ =
Wz
Ug
(3)
It has to be mentioned, that the operation point of the lowest
mass ﬂow presented in this paper does not automatically equal
the actual point of surge limit. With steady state simulations
it is not possible to predict the unsteady behavior of stall and
as a consequence the exact stall margin. In this study the point
of smallest massﬂow represents the last point of a converged
solution. A further increase of the static pressure at the vane
outlet did not lead to a converged simulation.
New
ΔtLE,max+Δλmax
ΔtLE,max+Δλmin
ΔtLE,max
Δλmax
Δλmin
η
ϕ0.01
0.005
Fig. 5. POLYTROPIC EFFICIENCIES FOR n = ncruise
FIG. 5 shows the eﬀects of coupled and standalone deterio-
rations on the eﬃciency of the stage and the characteristics of a
new blade. In this plot it becomes obvious, that changes in the
stagger angle inﬂuences the ﬂow coeﬃcient more than the lead-
ing edge thickness. The ’tLE,max-blade’ is only slightly shifted
towards smaller ﬂow coeﬃcients while the opening/closing of
the cascade by changing the stagger angle leads to a diﬀerent
ﬂow capacity. The ‘λmin-blade’ is shifted towards a higher ﬂow
coeﬃcient while the ‘λmax-blade’ shows a contrary trend. With
a decreasing ﬂow coeﬃcient the closing of the cascade leads to
a higher peak eﬃciency. Compared to ’λmax-blade’ the ’λmin-
blade’ has almost the same peak eﬃciency but the last station-
ary converged simulation is at ϕ = 0.521 while the new blade
has this point at ϕ = 0.509 and λmax at ϕ = 0.507. In other
New
ΔtLE,max+Δλmax
ΔtLE,max+Δλmin
ΔtLE,max
Δλmax
Δλminπ tt
ϕ
0.01
0.01
Fig. 6. PRESSURE RISE FOR n = ncruise
words the peak eﬃciency is for λmin = −0.04%, λmax = +0.13%
and for tLE,max = −0.05%.
The pressure rise in FIG. 6 shows the same characteristics but
the conﬁguration of maximum stagger angle does not have a
maximum pressure peak gain at the respective point. Contrary
the ’λmin-blade’ leads to a higher πtt with a shift towards higher
ﬂow coeﬃcients. To express this diﬀerences in another way the
’λmin-blade’ has a +0.19% higher πtt at ϕ = 0.521 compared to
the new blade while the ’λmax-blade’ has a -0.07% lower πtt.
The eﬃciency of the coupled wear parameters tLE,max and λmin
as well as tLE,max and λmax (FIG. 5) can be found in between the
corresponding parameters for high ﬂow coeﬃcients with ten-
dencies to the stagger angle variances. With decreasing ﬂow co-
eﬃcients the eﬃciency of both coupled wear mechanisms have
changed tendencies. The ’tLE,max + λmax-blades’ maximum eﬃ-
ciency peak is lower than both standalone variances. The same
behavior shows by the ’tLE,max + λmin-blades’. Compared to the
new blade the peak eﬃciencies are for tLE,max + λmax = −0.21%
and for tLE,max + λmin = −0.08%. The corresponding pressure
rise distribution in FIG. 6 shows the same tendencies for high
ﬂow coeﬃcients, but for the complete stage characteristic. Ta-
ble 2 summarizes the changes of eﬃciency and the correspond-
ing pressure rise of the diﬀerent wear parameters relative to the
new blade.
As can be seen in both plots, the coupled parameters provide a
larger operating range as their standalone parameters. In accor-
dance with Roberts et al. [8] the coupled wear parameter have
the same tendency on stall margin. The alternating conﬁgura-
tion of that blade arrangment shows a larger stall margin than
the grouped conﬁgurations. Roberts explained this eﬀect by a
stabilization of the ﬂow ﬁeld due to the alternating blade as-
sembly. This is supported by results of Bohari et. al [2]. Bohari
showed a drop of stall margin by simulating only one damaged
blade of a total row leading to a disturbed ﬂow ﬁeld and stall.
Both eﬀects underlines the results of the simulated wear pattern.
3.2. Rotor exit radial distribution
In order to determine the variations in the global stage
performance, wake evaluations at the rotor exit plane were
carried out. The operating point was chosen to ϕ = 0.521,
being the last operating point for λmin. The Reynolds number
of the rotor is about Re = 1.0 · 106 for the chosen operating
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Table 2. PEAK EFFICIENCY AND PRESSURE RISE DEVIATIONS RELA-
TIVE TO THE NEW BLADE
BLADE ϕ [ - ] Δη [ % ] Δπtt [ % ]
tLE,max + λmax 0.509 -0.21 +0.01
tLE,max + λmin 0.519 -0.08 +0.07
tLE,max 0.518 -0.05 -0.02
λmax 0.507 +0.13 -0.07
λmin 0.521 -0.04 +0.20
point.
Figure 7 shows the radial distribution of the total pressure
rise πtt,12 and the diﬀerence of the exit ﬂow angle β2 between
the new blade and the worn ones averaged in circumferential
direction. The total pressure rise of the rotor blade row shows
the same tendencies as the pressure rise of the global stage. The
maximum and minimum stagger angles have the same constant
shift from hub to tip towards lower and higher pressure rise.
The maximum leading edge thickness diﬀers only close to the
hub and tip compared to the new blade. Between 20% and 90%
of the blade height no diﬀerences are noticeable. At the hub
and tip area the pressure rise drops slightly relative to the new
blade.
The coupled variances tLE,max + λmin lay in between the stan-
dalone ones over the blade height. For tLE,max + λmax between
40 % and 70% blade height and at the tip the pressure rise is
nearly the same as for only the λmax parameter.
The rotor exit ﬂow angle β2 does not appear to be signiﬁcantly
aﬀected by the tLE,max parameter. Only at hub and tip diﬀerent
outﬂow angles can be observed. For the stagger angle devi-
ations the rotor outﬂow angles show similiar behavior as the
pressure rise. The ’λmax-blade’ shows lower outﬂow angles
over the blade height except near the hub. The ’λmin-blade’ on
the other hand shows a slightly shifted outﬂow angle towards
higher angles.
The coupled variances show only slightly shifted angles
towards smaller ones except for the area close to hub.
Δβ2
0.1°
New
ΔtLE,max+Δλmax
ΔtLE,max+Δλmin
ΔtLE,max
Δλmax
Δλmin
πtt,12
h/H
0.02
0.2
Fig. 7. ROTOR PRESSURE RISE πtt,12(LEFT) AND ROTOR OUTFLOW
ANGLE Δβ2 (RIGHT) DISTRIBUTION AT ϕ = 0.522
Figure 8 shows the rotor pressure loss coeﬃcient
ζ
′
VR =
p
′
t1 − p
′
t2
p′t1 − p1
(4)
and the diﬀerence in the diﬀusion factor between the new
and the worn blades.
DFR = 1 − W2W1 +
W2Θ −W1Θ
2 · lt ·W1
(5)
The proﬁle losses show hardly any diﬀerences up to 40 % of
the blade height. Above this value up to 90% the losses diﬀer
in comparison with the new blade. The ’λmax-blade’ possesses
the lowest loss coeﬃcient while the rest of the analyzed blades
have higher losses compared to the new blade. Particularly the
coupled variances show more losses as the standalone parame-
ters. Thereby, the ‘tLE,max + λmax-blade’ produces higher losses
than the ‘tLE,max + λmin-blade’.
The diﬀusion factor diﬀers only near the tip, whereas λmin has
higher loadings than λmax. The ’tLE,max-blade’ does not diﬀer
noticeable. The coupled variances show the same tendencies as
their stagger angle parameter.
ΔDFR
0.002
New
ΔtLE,max+Δλmax
ΔtLE,max+Δλmin
ΔtLE,max
Δλmax
Δλmin
ζVR
h/H
0.004
0.2
Fig. 8. ROTOR PRESSURE LOSS COEFFICIENT ζ
′
VR (LEFT) AND DIFFU-
SION FACTOR ΔDFR (RIGHT) DISTRIBUTION AT ϕ = 0.522
4. BLISK GEOMETRY
Figure 9 and 10 show the radial distributions of leading
edge thickness and stagger angle for each blade of an analyzed
BLISK. The geometry was digitalized by a structured-light
3D scanner in conjunction with a photogrammetry system.
This measurement procedure results in a point cloud for the
entire BLISK. In order to achieve a good quality the resolution
near LE and TE was increased for the point density to be
suitable for LE and TE proﬁles. The measurement volume of
the 3D scanner is 170x130x130mm2 and for the high detail
measurements at TE and LE the volume is 80x60x60mm2. The
parameterization of the point cloud was again carried out by
the inhouse software. The BLISK was segmented for each
blade passage and analyzed at 19 equally spaced sections from
5% to 95% of the duct height. For each blade and section the
leading edge as well as the stagger angle are determined. The
plots show the variations of each blade to the sampled mean
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Fig. 10. CIRCUMFERENTIAL ROTOR BLADE LEADING EDGE THICK-
NESS
value of the BLISK at this height. As shown by Tabakoﬀ [9]
the maximum erosion is at the tip of the rotor blades. The
maximum range of deviations referred to the mean value were:
ΔtLE = 10% and Δλ = 0.25◦. As can be seen in both plots, the
BLISK was repaired by blending at the LE of blade No. 24 at
approx. 60% blade height. The blending causes a maximum
leading edge thickness and a minimum stagger angle.
The stagger angle in FIG. 9 shows variations between
Δλ = −0.15◦ to 0.1◦. Beside the blended blade on position 24
NO. 2, 14, 17, 25 and 26 have a minima in stagger angle. The
maxima are at blade position NO. 6,7, 8, 9, 10, 12, 13, 15 and
18. Noticeable is the concentration of maxima around the 3
o’clock position and the minimum at blade NO. 2 which can
be a result of recontouring the blade.
The leading edge thickness is shown in FIG. 10 and have
minima at blade NO. 1, 8, 12, 15, 17 and 18. Maxima are at
blade position 2, 4, 7, 10, 14 and 22.
The wear arrangment of tLE,max and λmax can be seen at blade
position 14 (tLE,max) and position 13 (λmax). The other coupled
parameters tLE,max and λmin can be found at blade position 2
(tLE,max) and position 3 (λmin). The analysis of this geometry
proves that the investigated arrangement of coupled wear
patterns are also applicable for a BLISK compressor rotor
stage.
A correlation between the leading edge thickness and the
stagger angle can be found at blade NO. 2, 14, and 8. Based on
the metrics of deﬁning the stagger angle, the two parameters
are not independently from each other. A full correlation,
however, can only be determined once more statistical data is
generated by investigating more BLISKs.
The diﬀerence between the simulated geometry variations and
the BLISK can be related to the diﬀerent reference and the
data base of both. Since no data of a new BLISK is available
the BLISK reference is the mean value of the wear pattern
while the reference of the simulated rotor is a new part. For
the simulated variations a data base of 1400 deteriorated blades
is used towards one measured BLISK with 26 blades. By
analyzing more BLISKs the range of deviation it is expected
to be larger and thereby comparable to the simulated wear
pattern. This diﬀerence is the reason why the measured stagger
angle deviation can be expected in a comparable dimension as
the simulated.
5. CONCLUSION
In the presented studies a 3D steady-state numerical investi-
gation of the inﬂuence of two kinds of deterioration eﬀects as
well as the eﬀect of coupling both were compared to the char-
acteristics of a new part. In a ﬁrst step two coupled and their
associated wear mechanisms as well as the original blade of
a conventional HPC stage were simulated. In a second step a
BLISK was digitalized by a structured-light 3D scanner in con-
junction with a photogrammetry system and its wear patterns
were analyzed. The results can be summarized as followed:
1. The simulated coupled wear mechanisms taken from a
conventional HPC rotor stage can also be found as an ar-
rangement in a geometry of a BLISK. tLE,max and λmax
can be found at blade position 14 (tLE,max) and 13 (λmax).
tLE,max and λmin can be found at blade position 2 (tLE,max)
and position 3 (λmin).
2. Both coupled wear mechanisms have misstuned throttle
lines. They have lower peak eﬃciency levels compared
to their standalone ones and a new blade. Contrary, they
have a positive inﬂuence on the surge margin compared to
the standalone simulations.
3. The eﬃciencies of both examined coupled deterioration
eﬀects lay in between their standalone ones for high ﬂow
coeﬃcients while for low ﬂow coeﬃcients the stagger an-
gle shows a greater inﬂuence on the eﬃciencies. The pres-
sure rise shows the same tendencies for the coupled wear
mechanisms.
4. The stagger angle has a stronger inﬂuence on the stage
performance than the maximum leading edge thickness. It
was observed that a change in stagger angle leads to open-
ing/closing of the passage and therefore the shift of the
ﬂow coeﬃcient.
5. The rotor exit ﬂow diﬀers noticeably due to the coupled
wear mechanisms.
The results of the coupled wear patterne show an impact on
the stage performance. For a conventional blade row the blades
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can be re-arranged, so the coupled eﬀects can be minimized and
the performance can be restored. For a BLISK the arrangment
cannot be changed leading to a misstuned stage and therefore
to a drop of performance and eﬃciency. This is the reason
why further investigation on aerodynamic eﬀects of coupled
wear patterns are necessary to understand the consequences of
blade-to-blade interaction. Based on this knowledge restoring
the eﬃciency and performance of a BLISK during a shop visit
is possible.
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